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NAADP: A New Second Messenger for Glucose-Induced
Ca2 Responses in Clonal Pancreatic  Cells
[32P]NAADP (affinity constant Kd  130  31 nM) and
the remainder of which were low affinity (Kd  12  0.6
M, n  6) (Figure 1A). In contrast, [32P]NAADP binding
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1Department of Pharmacology could not be displaced by either 10 M IP3 or 100 M
cADPR (Figure 1B). Thus, these results demonstrate theUniversity of Oxford
Mansfield Road presence of high-affinity NAADP binding sites distinct
from those for IP3 and cADPR. The affinity constantOxford OX1 3QT
United Kingdom reported here is similar to that found in brain but higher
than those in heart [10, 11].2 Oxford Centre for Diabetes
Endocrinology and Metabolism Next, we explored the functionality of NAADP binding
sites. Use of caged NAADP and confocal laser scanningRadcliffe Infirmary
Oxford OX2 6HE microscopy allowed us to monitor changes in [Ca2]i
after photolysis of the cage with UV illumination. Re-United Kingdom
peated UV flashes to cells microinjected with the Ca2
indicator Oregon Green 488 BAPTA Dextran (OGBD)
alone did not elicit any changes in [Ca2]i (n 20; FigureSummary
2A). When caged NAADP was comicroinjected to an
estimated intracellular concentration of 10 nM (1% ofImportant questions remain concerning how elevated
pipette concentration), UV illumination resulted in ablood glucose levels are coupled to insulin secretion
rapid and small Ca2 increase in 24 of 53 cells analyzed.from pancreatic  cells and how this process is im-
The mean change in fluorescence of these events (F/paired in type 2 diabetes [1]. Glucose uptake and me-
F0; see the Supplementary Material available with thistabolism in cells cause the intracellular Ca2 concen-
article online) was 3.3%  0.7% (Figure 2B), and in 17tration ([Ca2]i) to increase to a degree necessary and
of the 24 responsive cells, Ca2 increases occurred insufficient for triggering insulin release [2]. Although
less than 20 s. In 10 of the responsive cells, a secondboth Ca2 influx and Ca2 release from internal stores
or third UV flash was required in order to evoke a mea-are critical [3, 4], the roles of inositol 1,4,5-trisphos-
surable Ca2 increase. With 100 nM caged NAADP inphate (IP3) and cyclic adenosine dinucleotide phos-
the cell, 27/33 cells exhibited a Ca2 increase after thephate ribose (cADPR) in regulating the latter have
UV illumination (F/F0  21.0%  3.8%). Although inproven equivocal [5, 6]. Here we show that glucose
general the responses were rapidly elicited, the Ca2also increases [Ca2]i via the novel Ca2-mobilizing
signature was variable. In 19 of the 27 responsive cells,agent nicotinic acid adenine dinucleotide phosphate
the Ca2 increases were shorter than or equal in duration(NAADP) in the insulin-secreting -cell line MIN6.
to 100 s (Figure 2C), whereas in the remaining cells, theNAADP binds to specific, high-affinity membrane bind-
response was longer (Figure 2D). Increasing the intracel-ing sites and at low concentrations elicits robust Ca2
lular concentration of caged NAADP to 1 M decreasedresponses in intact cells. Higher concentrations of
both the number of responding cells (25/38) and theNAADP inactivate NAADP receptors and attenuate the
amplitude of the response (F/F0  10.1%  2.0%).glucose-induced Ca2 increases. Importantly, glucose
Variability in the duration was also observed, with gener-stimulation increases endogenous NAADP levels, pro-
ally longer responses of more than 100 s in 13/25 cellsviding strong evidence for recruitment of this pathway.
(Figure 2E). At intracellular concentrations of 10 and 100In conclusion, our results support a model in which
M caged NAADP, UV photolysis only induced a smallNAADP mediates glucose-induced Ca2 signaling in
Ca2 increase in 1 of 55 and 62 cells, respectively (Fig-pancreatic  cells and are the first demonstration in
ures 2F and 2G). Finally, in a separate batch of MIN6mammalian cells of the presence of endogenous
cells, caged NAADP at the optimal concentration wasNAADP levels that can be regulated by a physiological
able to increase [Ca2]i in Ca2-free medium in the pres-stimulus.
ence of 1 mM EGTA. The magnitude of the response
(F/F0  18.2%  2.6% in 25/36 cells) was similar toResults and Discussion that observed in the presence of extracellular Ca2 (F/
F0  18.9% 3.4% in 11/16 cells), whereas the percent-
NAADP releases intracellular Ca2 in several biological age of cells that elicited short Ca2 responses (equal to
systems through a novel Ca2 mobilization mechanism or less than 100 s) was slightly higher (88% in the ab-
[7, 8]. We first examined the presence of NAADP binding sence and 72% in the presence of extracellular Ca2).
sites in membranes of MIN6, a mouse insulinoma cell In summary, in MIN6 cells, NAADP at low concentrations
line whose secretory properties closely resemble those releases Ca2 from intracellular stores but at high con-
of isolated pancreatic  cells [9]. Homologous competi- centrations inactivates. This bell-shaped concentration-
tive equilibrium displacement revealed the presence of response curve (Figure 2H) is similar to that previously
two binding sites, 76% of which had high affinity for reported in other mammalian systems, namely, pancre-
atic acinar cells and T-lymphocytes [12, 13], but is dis-
tinctly different from the one observed in sea urchin*Correspondence: roser.masgrau-juanola@pharm.ox.ac.uk
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Figure 1. [32P]NAADP Binding to MIN6 Membranes
(A) Homologous displacement curve. [32P]NAADP (0.25 nM) was in-
cubated with MIN6 membranes for 1 hr at 37C in the presence
of different concentrations of NAADP. Binding of [32P]NAADP was
determined, and data were analyzed by nonlinear curve fitting to a
two-site model (n  6).
(B) [32P]NAADP-specific binding could not be displaced by either 10
M IP3 or 100 M cADPR. Specific binding was calculated from
total binding, 1.86  0.13 fmol/mg protein, and nonspecific binding
(in the presence of 1 mM NAADP), 0.67  0.06 fmol/mg protein (n 
11). Error bars show  standard error of the mean (s.e.m), and the
number of experiments is shown in parentheses.
eggs and plants, where the inactivation of the receptor Figure 2. NAADP-Induced Ca2 Increases in [Ca2]
is effected at low, nonreleasing NAADP concentrations (A) Cells were microinjected with OGBD and then exposed to UV.
[7]. Moreover, the NAADP-induced Ca2 increases are sim- (B–E) Ca2 responses were observed in the presence of an estimated
intracellular concentration of 10 nM, 100 nM, or 1M caged NAADP.ilar in magnitude and temporal characteristics to those
(F and G) Caged NAADP at a concentration of 10 M or 100 M indescribed previously for cADPR and IP3 in MIN6 [14].
the cell did not elicit Ca2 responses. Ca2 traces are from individualGlucose metabolism triggers a complex interplay be-
cells representative of 162 cells analyzed.
tween both Ca2 influx and Ca2 uptake and release (H) percentage of the increase in normalized fluorescence (F/F0%)
from internal stores. The result is a distinctive  cell observed for each caged NAADP concentration. Data are means 
Ca2 signature that is ultimately responsible for insulin s.e.m; the number of cells is shown in parentheses. The inset bar
represents the least significant difference (LSD), which was calcu-secretion. We investigated a possible physiological role
lated from the pooled error.of NAADP in MIN6  cells by taking advantage of the
unusual inactivation of the NAADP-sensitive Ca2 re-
lease mechanism (Figure 2H) to test whether high con-
centrations of NAADP reduce glucose-induced Ca2 sig- caged NAADP (100 M intracellular). Cells were stimu-
lated with 20 mM glucose for 10 min and then allowednaling. Because glucose-induced Ca2 responses show
heterogeneity between  cells of the same culture and to recover in 2.8 mM glucose for a further 20–60 min.
Cells were UV flashed and after 1 min rechallenged withonly 50%–70% of cells respond to 20 mM glucose (our
unpublished data), we used a protocol to discount non- 20 mM glucose. We then compared glucose-induced
Ca2 responses in the same cell, before and after UVresponsive cells and false inhibitions of the response.
This consisted of microinjecting cells in HEPES-buffered illumination. Typically, a first glucose stimulation of
MIN6 cells resulted in a multiphasic response consistingKrebs-Ringer solution containing 2.8 mM glucose with
the Ca2 dye OGBD alone (control cells) or OGBD plus of an initial drop in the [Ca2]i followed by a rapid in-
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Figure 3. NAADP Attenuates Glucose-Induced Ca2 Responses
(A and B) Cells were microinjected with OGBD alone (control) (A) or
OGBD plus caged NAADP at 100 M intracellular concentration
(NAADP) (B) and then stimulated with 20 mM glucose (left panels).
After 20–60 min (indicated by dotted line), cells were exposed to
UV and stimulated again (right panels). Traces are from two repre-
sentative cells from 9 (control) and 7 (in the presence of caged
NAADP) cells.
(C) Oscillation amplitude and sustained Ca2 increase induced by
Figure 4. NAADP Is a Second Messengera second stimulation of glucose as a percentage of the first glucose
response. Data are means  s.e.m; the number of cells is shown (A) Endogenous and glucose-induced NAADP levels. MIN6 cells
in parentheses. An asterisk indicates P  0.05 compared to first were incubated for 10 min at 37C with 2.8 mM (control cells) or 20
glucose-induced response. Two asterisks indicate P  0.05 com- mM glucose, and NAADP levels were determined by a radioreceptor
pared to responses to a second glucose application in control cells. assay. Data are means  s.e.m in (n  4). An asterisk indicates
P  0.05 compared to control cells.
(B) Proposed scheme for glucose-stimulated Ca2 signals that cul-
minate in insulin secretion in the  cell. Glucose activates Ca2crease that remained elevated for some minutes and
influx by altering plasma membrane excitability as well as Ca2then slowly decreased (occasionally, periodic fluctua-
mobilization from internal stores by IP3 and cADPR [2, 3, 5, 6]. Wetions of this steady state were observed). Fast irregular now implicate the novel messenger NAADP in the Ca2 response.
oscillations from the elevated [Ca2]i were also observed Abbreviations are as follows: ATP-sensitive K channels (KATP), volt-
(Figures 3A and 3B, left panels). Similar responses have age-operated Ca2 channels (VOCC), plasma membrane depolariza-
tion (	), ADP-ribosyl cyclase/cADPR hydrolase (ARC), phospholi-been described previously, with differences in the de-
pase C (PLC), NAADP-regulated Ca2 channel (NRC), ryanodinetails of the characteristics of the Ca2 pattern depending
receptor (RyR), IP3 receptor (IP3R).on  cell preparation. We analyzed glucose-induced
Ca2 signals by averaging the amplitude of the [Ca2]i
in this steady state as well as the amplitude of the irregu- tion resulted in a similar response (Figure 3A), with no
significant change in the average amplitude of the fastlar fast oscillations (Figure 3C, lower panel). In control
cells, a second application of glucose after UV illumina- irregular oscillations (Figure 3C left), although the sus-
Current Biology
250
tained increase in [Ca2]i was reduced to 53%  9% downregulation to switch off the response during pro-
longed exposure to the stimuli are not present. However,(n  7) of the values induced by the first Ca2 response
(Figure 3C, right). However, in cells comicroinjected with the ability of high concentrations of NAADP to reduce
glucose-induced Ca2 responses can provide such acaged NAADP (Figure 3B), after a UV flash, the amplitude
of the fast oscillations was reduced to 43%  9% (n  mechanism for desensitization. Indeed, a desensitized
state to further acute increases in glucose concentration9) (Figure 3C, left panel), and the sustained increase in
[Ca2]i dramatically diminished to 20%  5% (n  7) is observed in hyperglycaemic diseases such as type 2
diabetes mellitus [1, 16]. Under such conditions, there(Figure 3C, right panel), compared to the Ca2 responses
induced by a first glucose application. Our data show is no obvious defect of glucose metabolism or function
of voltage-dependent Ca2channels [1, 16], but changesthat although high concentrations of NAADP do not in-
duce Ca2 release, they attenuate glucose-induced Ca2 in the sensitivity of Ca2-mobilizing mechanisms have
been suggested [6]. Our data raise the intriguing possi-responses, suggesting that glucose stimulation leads to
activation of NAADP receptors in clonal pancreatic  bility that in pancreatic  cells an overproduction of
NAADP could be part of the unknown desensitizationcells. Remarkably, a similar modulation of oscillatory
patterns and a reduction in the elevated Ca2 increase mechanism observed in some hyperglycaemic dis-
eases; therefore, NAADP signaling may offer new poten-induced by glucose have been described after long peri-
ods of -cell exposure to high concentrations of glucose tial pharmacological targets for treating these patholo-
gies. Importantly, we report for the first time in[15, 16] and in knockout mice carrying a null mutation
of CD38 [17], an enzyme proposed to be responsible mammalian cells the presence of endogenous NAADP
levels that increase in response to an external stimulus,for cellular synthesis of NAADP [18]. It is also interesting
that in pancreatic acinar cells, a general model for Ca2 and our results thus establish NAADP as an authentic
second messenger in mammalian cells.spiking has proposed that NAADP signaling may play a
critical role in initiating and sensitizing the activation of
Supplementary MaterialCa2 release by IP3 and cADPR [19]. Further studies on
Supplementary Experimental Procedures are available with this arti-the interactions of these Ca2 mobilizing mechanisms
cle online at http://images.cellpres.com/supmat/supmatin.htm.in glucose-induced Ca2 oscillations in pancreatic 
cells will undoubtedly be of great interest.
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Note Added in Proof
The authors would like to note that while this paper was being
revised, J.D. Johnson and D. Misler published a manuscript showing
NAADP-induced Ca2 increases in human pancreatic  cells. (Proc.
Natl. Acad. Sci. USA, 99, 14566–14571; 2002)
